Theoretical analysis and numerical FEM calculations, together with segmental experiment studies, are used to study the impact of the static air-gap eccentricity forms on the rotor unbalanced magnetic pull (UMP) of turbogenerator. The universal expression of the magnetic flux density under different forms of SAGE is firstly deduced, based on which the detailed UMP formulas for the normal condition and three SAGE cases are obtained, respectively. Then the exciting characteristics of the UMP for each SAGE form to generate vibrations are analyzed. Finally, numerical FEM calculations and segmental experiments are carried out to investigate the effect of SAGE forms on the rotor UMP, taking the SDF-9 type non-salient-pole fault simulating generator as the object. It is shown that, no matter what kind of SAGE occurs, amplitude increments at each even harmonic component of the UMP and the rotor vibration, especially the 2nd harmonic component, will be brought in. Meanwhile, the UMP keeps directing to the very position where the minimum radial air-gap is. Among the different SAGE forms, the rotor offset has the most sensitive effect on the rotor UMP and vibration, while the stator ellipse deformation has the weakest impact.
Introduction
Due to the assembly quality, the bearing damage, and the performing environments, most generators are running under an air-gap eccentricity condition [1] . The air-gap eccentricity, which is also usually named as rotor eccentricity by many scholars, appears as the air-gap is larger on one side but meanwhile smaller on the other side. For example, the bearing offset or the stator core deformation can cause a typical static airgap eccentricity [2] . A very tiny air-gap eccentricity will not bring in serious impact on the generator's regular performing. However, when the eccentricity degree is more than 10% of the total air-gap length, severe vibrations, stator core deformations, and even winding damage will be caused [3] . Therefore, accurate monitoring and timely control on this kind of fault is of significance.
In most cases, the air-gap eccentricity is usually mentioned in the radial direction and can be divided into three types, that is, the static air-gap eccentricity (SAGE), the dynamic air-gap eccentricity (DAGE), and the mixed air-gap eccentricity (MAGE) [4, 5] . In this paper, we mainly focus on the static one.
By far, achievements of the monitoring and diagnosis on the air-gap eccentricity fault primarily focus on the stator current [6] and voltage [7, 8] , the rotor current [8] and the shaft voltage [9] , the inductance variation of the windings [10, 11] , and the rotor UMP and vibration analysis [12] [13] [14] . The inductance variation is mainly based on the winding function theory [15] and the improved winding function theory [16, 17] and needs a large amount of calculation, while the current and the voltage analysis is actually based on the harmonic changes of the magnetic flux density [6] . The direct analysis on the spectrum of the stator and rotor current or voltage obtained via Fourier transform can sometimes hardly exactly identify the eccentricity due to the inconspicuous amplitude change comparing with the noise signal magnitude, especially when the capacity of the generator is not so large or the eccentricity is not so severe. To overcome this disadvantage, scholars developed an improved method based on the search coil [18] . However, this method needs to install extra components, that is, the search coil, in the generator, which requires a higher cost and is not welcomed by the practical performers in the power plant because it has to stop the generator for the specific installation work. Comparatively, the method based on the rotor vibration is more convenient because most generators have already installed vibration sensors before the generator is put into operation. Even if extra vibration sensors are needed to be installed in addition, there is no need to stop the generator but just to fix the sensors at the bearing block. Therefore, many researchers have paid much attention to the rotor UMP [19, 20] which is the essential cause of the rotor vibration and the rotor dynamics with UMP [21, 22] . However, people have only considered the eccentricity condition caused by the rotor side such as the rotor offset or asymmetry, while other potential causes are mostly ignored. That is why air-gap eccentricity is usually also named as rotor eccentricity by many scholars. Taking SAGE as an example, scholars primarily focus on the rotor offset form [23, 24] , while the stator deformation conditions are not taken into account. Actually, since the stator has radial vibrations at 2 ( is the electrical frequency) even in normal condition [25] , the hollow stator core which is composed of lots of fan-shape silicon steel sheets and fixed by double-screw bolts and frames will probably have a concave deformation or a convex deformation after a long suffering from the continuous vibration and the magnetic pull [26] . Specifically, due to the slot harmonic effect on the magnetic pull [27] and the elliptical rotating magnetomotive force caused by the asymmetric 3-phase currents [28] , the stator will be dragged into an ellipse form after a long period performance [27, 28] . Then another problem appears. What is the effect of different eccentricity forms on the rotor UMP? Which kind of air-gap eccentricity has the most sensible impact on the rotor UMP?
The intent of this paper is to investigate the impact of SAGE forms, including rotor offset, stator concave deformation, stator convex deformation, stator ellipse deformation, and mixed SAGE composed of rotor offset and stator deformation, on the rotor UMP characteristics. Also, the sensitivity of these SAGE forms acting on the UMP is studied.
Theoretical Analysis

Magnetic Flux Density (MFD)
Analysis. According to [2] , the air-gap magnetomotive force (MMF) in normal condition indicated in Figure 1 can be expressed as
where , , and 1 are, respectively, the rotor MMF, the stator MMF, and the composite MMF at the fundamental frequency, = 2 is the rotor mechanical angular frequency, is the rotating frequency of rotor (for turbogenerator, equals the electrical frequency , and hereafter, we write as and as for short), is the mechanical angle to indicate the circumferential location of the air-gap, and is the internal power angle of the generator.
Theoretically, in addition to the fundamental frequency component, the MMF still has other odd harmonics such as the 3rd, 5th, and 7th, with the amplitudes gradually decreased.
Since the values of the higher harmonics are much smaller than the fundamental harmonic, we ignore these higher harmonics for convenience.
In this paper, we consider different forms of SAGE, respectively, caused by rotor offset, stator deformation, and the mixed condition of these two, as indicated in Figure 2 . Specifically, the stator core ellipse condition, which includes the concave deformation and the convex deformation at the same time and frequently appears in generators, is actually a special case of stator core deformation. There are four SAGEs (see Figure 2 (e)). For the sake of universality, considering the possible SAGE cases together, the radial air-gap length can be written as
where 0 is the average value of the air-gap, is the relatively static eccentricity caused by rotor offset, is the relatively static eccentricity caused by stator deformation ( denotes reducing the air-gap, while − denotes increasing the airgap), is the total number of the stator static eccentricities, and is the angle between the th stator static eccentricity and the -axis. The air-gap permeance can be obtained by means of power series expansion, and ignoring the higher order components it can be finally written as
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where Λ 0 is the constant component of the air-gap permeance, Λ = Λ 0 is the component of the permeance caused by rotor offset, and Λ = Λ 0 is the component caused by stator deformation. Objectively, (3) is an approximate formula because the higher harmonics such as Λ cos 2 have been ignored. Usually, the air-gap eccentricity is relatively small (large air-gap eccentricity, e.g., more than 30%, will most potentially cause the protective equipment of the generator set to automatically carry out actions due to the over-threshold vibrations); therefore, in most cases, this formula can be treated as being accurate (the maximum error, e.g., in the case of 30% SAGE, is about 10%) for the engineering calculation. However, for the cases of more than 30% SAGE, this formula should be improved. In this paper, we mainly focus on the effect of the SAGE forms on the rotor UMP; the refined analysis about the formula simplification error will not be taken due to the space limitation.
Then the MFD in the air-gap is
UMP Deduction.
The air-gap MFD will be asymmetrical in different extents due to different SAGE forms, which will further generate rotor UMP and result in vibrations. In this paper, we employ (5), which is widely used by scholars [3] , to obtain the unit magnetic force firstly and then deduce the UMP formulas via integral operation indicated in (6): Mathematical Problems in Engineering 
Case I: rotor offset
Case II: stator deformation
Case III: mixed condition.
It is suggested from (7) that SAGE will induce a DC UMP component and pulsating UMP components at 2 . Moreover, the component amplitudes will vary due to different SAGE cases. Qualitatively, the DC component will not bring in vibrations but generate a deformation tendency to the rotor after a long period action, while the pulsating force components will induce radial vibrations at the pulsating frequency, that is, 2 . More details about the vibration characteristics will be studied in the next section.
Vibration Characteristics Analysis.
As previously mentioned, radial rotor vibrations at 2 will be caused by SAGE. However, the vibration intensity for each case will be different. The UMP amplitudes with respect to different SAGE cases are indicated in Table 1 .
As is shown in Table 1 , no matter what kind of SAGE happens in the generator, the UMP amplitudes are always related to the SAGE degrees and the exciting current value. As SAGE increases, the factors Λ and Λ will be increased, resulting in the increment of the UMP amplitudes and the vibration intensity. As the exciting current rises, the factor 1 (the composite MMF) will be increased, also resulting in the enlargement of the UMP amplitudes and the rotor vibration magnitudes. The final UMP will generally direct to the position where the air-gap is smaller.
In the case of rotor offset, the UMP formula is relatively simple, as indicated in (7). This kind of SAGE is most frequently studied by scholars and usually called rotor eccentricity in citations. It is commonly caused by the malposition or damage of the bearings and the misalignment of the couplers. The MFD on the smaller side of the air-gap will be more intensive, while on the other side it will be sparser. Therefore, the UMP direction will cross along from the larger air-gap side to the smaller air-gap side, as indicated in Figure 3 (a). Differently, in the case of stator deformation, it is possible that the UMP is zero. This will only occur when the deformations are symmetrically distributed in preciseness, as indicated in (7) . In this case, there will be no vibration caused by this kind of SAGE. However, for most cases, the deformations are not critically asymmetrical, so that the induced UMP will bring in vibrations at 2 . As indicated in (7) and Table 1 , the UMP is related to the deformation number , the level of deformation Λ , and the angle between the th deformation and the axis. Besides, the direction of the UMP is also associated with the eccentric direction. In theory, the larger the air-gap is, the greater the magnetoresistance will be. Therefore, the direction of the UMP will be directed from the larger side of the air-gap to the smaller side, as indicated in Figures 3(b) and 3(c). And as Λ increases, the UMP will be increased as well.
Mathematical Problems in Engineering
To be more specific, we take the case whose deformation number = 1 for an example. This example case can be frequently induced due to the uneven heating and stressing. The rotor UMP formulas for the stator concave ( ) condition and the convex (− ) condition when 1 = 0 ∘ , respectively, reduce to
It can be seen that the UMP direction of the concave condition is opposite to the convex condition (also indicated in Figures 3(b) and 3(c) ), while their amplitudes have the same formulas. However, since the concave case will reduce the average value of the air-gap length 0 and then decrease the magnetic resistance, the general permeance Λ 0 in this case is larger than that of the convex case (see (3)). Consequently, the UMPs will be greater and vibrations will be more intensive.
The special SAGE case which is mixed with rotor offset and stator deformation at the same time can be treated as a superposition of these two single conditions. This can be confirmed by comparing the UMP formulas shown in (7). The final UMP direction needs to be calculated by means of parallelogram law, as indicated in Figure 3(d) . And the final UMP direction is affected by the stator deformation numbers, deformation positions, and deformation degrees, as well as the rotor offset positions and offset degrees, in the meantime.
It is easy to comprehend that, to precisely describe the rotor vibration, both the intensity and the direction should be taken into consideration, of which the intensity depends on the factors indicated in Table 1 , while the direction generally follows the UMP and is affected by the factors mentioned previously (see the above paragraph). For the sake of convenience, we describe the direction of the UMP and vibration by using the -component and the -component, just like the formula decomposition using and (see (7)).
Experiment and Simulation Study
Method and Setting.
Experiments are taken on a SDF-9 type nonsalient fault simulating generator in the National Key Lab of New Energy and Electric Power System, North China Electric Power University, as indicated in Figure 4(a) . This generator is also modeled for the following simulation studies. The primary parameters of the generator are shown in Table 2 .
The rotor of the generator is fixed to the foundation by the bearing block, while the stator can be horizontally moved by adjusting the four screws on the generator, and the movement performance can be precisely controlled by the two dial indicators, as illustrated in Figure 4(b) . However, this generator can only simulate SAGE fault caused by rotor offset, while the other two SAGE cases (the stator deformation and the mixed condition composed of rotor offset and stator deformation) are not able to be simulated. Eclectically, we set up a FEM model of the generator to perform a numerical simulation, as indicated in Figure 4(c) , and the methods to set rotor offset and stator deformation are shown in Figures 4(d)  and 4(e) , respectively. The mixed SAGE can be simulated by taking the rotor offset and the stator deformation operations at the same time.
During the experiment and the simulation, the exciting current is set to 0.4 A and the rotating speed is 3000 rpm (the fundamental frequency is 50 Hz). The rotor vibration is sampled by the velocity sensor (CD-21s type sensor made by Far East Vibration (Beijing) System Engineering Technology Co., Ltd., with the sensitivity 30 mv/mm/s) on the bearing block, with the sampling frequency 10 k Hz. The generator is firstly operated in normal condition to collect the reference UMP and vibration data. Then different SAGE conditions are applied to the generator to obtain the faulty signals. We carry out 0.1 mm ( = 12.5%), 0.2 mm ( = 25%), and 0.3 mm = 37.5%) rotor offset conditions for the experiment, while for the FEM simulations the SAGE cases are much more complete. Detailed settings for simulating conditions are shown in Table 3 , where the stator deformation condition with the number = 4 is actually a stator core ellipse case.
Results and Discussion
Impact of Rotor Offset.
The calculated UMP by FEM simulation and the tested vibration by the experiment are shown in Figure 5 . As indicated in (7), the UMPs in direction and direction have the same expression forms except the DC components. Limited by the space, in this paper, we primarily study the UMP in direction (the experimental vibration data is also picked up in this direction).
As shown in Figure 5 , obviously, the tested vibration result well accords with the simulated data. As the rotor offset is increased, both the UMP and the radial vibration at 0 Hz (the DC component, reflecting the mean value of the curves) and 100 Hz (the 2nd harmonic component) will be prominently 8 
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Condition 3 = 37.5% This has not been indicated in (7) due to the ignoring of the higher order components of the MMF. Actually, the MFD and the MMF should have each odd harmonic component [29] ; therefore the square operation in (5) will generate each even harmonic component, with the amplitude in inverse proportion to the harmonic order. This means, not only the 2nd and the 4th harmonic components, but also all of the even harmonic components will be increased. The higher the even harmonic order is, the less the amplitude will be increased. Theoretically, the rotor should have no vibrations in normal condition due to the tiny UMP value very close to zero, as indicated in (7) and Figure 5(a) . However, the result indicated in Figure 5(d) shows that there are vibrations of each harmonic existing. This is mainly caused by the internal asymmetry such as the unsymmetrical distribution of the windings inside the generator and the external nonfault environmental factors. To remove the influence of this mismatch between the theoretical analysis and the experimental phenomena, these vibration amplitudes of each harmonic component in normal condition are treated as a null shift of the experiment system, and the SAGE vibration amplitudes are subtracted by these normal ones so that the actual vibrations caused by the fault can be obtained. Quantitatively, the vibration velocity at 2 increases 14.6%, 50.9%, and 122.3% from normal condition to 0.1 mm (12.5%), 0.2 mm (25%), and 0.3 mm (37.5%) rotor offset, respectively, while other harmonic components have little changes. This is consistent with the theory analysis and the simulation results.
Impact of Stator Deformation.
In the case of = 1 and
∘ , the time domain curves of the UMP for the stator concave condition and the convex condition are shown in Figures 6(a) and 6(b) , respectively, while the spectra are indicated in Figures 6(c) and 6(d) . It is shown that the UMP under the concave condition is larger than that under the convex condition. This is because the concave condition actually reduces the average air-gap length, while the convex condition increases the average air-gap length. The MFD is in inverse proportion to the air-gap eccentricity. The smaller the air-gap is, the larger the MFD will be. As indicated in (5) and (6), the UMP actually follows the developing tendency of the MFD. Therefore, the stator concave condition, which equivalently reduces the air-gap length, makes the UMP larger than that of convex condition.
In addition, as the deformation increases, the 2nd and 4th harmonic components of the UMP will be increased. For the concave condition, the UMP has a larger value at the positive peak than the negative peak. Moreover, the surrounding area by the UMP curve above the zero line is more than that below the zero line. This indicates that the UMP generally acts along the positive direction ( direction), to which is also the minimum air-gap length location. However, for the convex condition, the situation will be opposite. This is in accordance with the previous theoretical analysis.
In addition to the stator concave and convex deformation, there is still another form of stator deformation, that is, the overall elliptical deformation which widely exists in generators with different extents. Figure 7 represents the rotor UMP under different ellipse deformation conditions in the case that
∘ , and 4 = 90 ∘ . Theoretically, according to (4) , since the decrease of the air-gap caused by 3 and 4 is generally equivalent to the increment caused by − 3 and − 4 (see Figure 2 (e)) due to the volume invariance of the stator core, the UMP should be very close to zero, which means in this case that the rotor UMP is almost unchanged. As indicated in Figure 7 , it is shown that the rotor UMP under the stator ellipse deformation condition is very similar to that in normal condition. This is in accordance with the theoretical result.
Impact of Mixed SAGE.
The more common case is that the rotor offset exists together with the stator deformation, that is, the mixed SAGE. Practically, the concave deformation and the convex deformation conditions appear much less than the ellipse deformation condition. Therefore, we focus on the mixed SAGE composed of rotor offset and stator ellipse deformation. Figure 8 represents , and 1 = 0 ∘ , (b) UMP curves in convex condition, with = 1, 1 = − , and 1 = 0 ∘ , and ((c) and (d)) UMP spectra in concave case and convex case with respect to normal condition, 12.5% deformation, 25% deformation, and 37.5% deformation, respectively (from left to right).
results under different mixed SAGE conditions. As can be seen from the figure, the rotor UMP is about zero in normal condition, while it begins to increase when the mixed SAGE occurs. The 2nd harmonic component has a most obvious amplitude increment. Also, the increment of the 4th harmonic component is more evident than the other harmonic components. The reason for this has been explained in Section 3.2.1. Figure 7 : Rotor UMP caused by overall elliptical deformation of stator core: ((a) and (b)) time domain waves in and direction, respectively, and ((c) and (d)) UMP spectra in and direction, respectively, under normal condition, 12.5% stator core ellipse, 25% stator core ellipse, and 37.5 stator core ellipse (from left to right).
Generally speaking, the UMP developing tendency and the key UMP characteristics are similar to the other two SAGE conditions. So there is a key problem, that is, how to identify the feature differences of the UMP caused by different kinds of SAGE. The statistics data of the 2nd harmonic component of the rotor UMP, which is the key characteristic component caused by different SAGE forms, is indicated in Figure 8 : Rotor UMP caused by mixed eccentricity faults: (a) time domain waves and (b) UMP spectra, respectively, in the case of 12.5% rotor offset and 12.5% stator core ellipse, 25% rotor offset and 25% stator core ellipse, and 37.5% rotor offset and 37.5% stator core ellipse (from left to right). As indicated in Table 4 , it is shown that the rotor offset condition will produce a largest UMP value at 2 , while the ellipse condition will induce the smallest UMP. In addition, the impact of the stator concave and convex condition on the UMP is also much smaller than the rotor offset condition, while the mixed SAGE case will generate the second largest UMP.
In fact, qualitatively, the mixed SAGE composed of rotor offset and stator convex and concave deformation (especially the concave deformation) will actually bring in larger UMP than the mixed one indicated in the table. In other words, the rotor offset has a most sensitive effect on the rotor UMP, and then the second, the third, and the fourth sensitive forms are the mixed SAGE conditions, respectively, composed of the rotor offset and the stator concave deformation, the rotor offset and the stator convex deformation, and the rotor offset and the stator ellipse deformation. The fifth and the sixth sensitive conditions are the single stator concave and convex deformation, respectively, while the single stator ellipse condition has the weakest impact on the rotor UMP.
Conclusion
This paper investigates the impact of different SAGE forms on the rotor UMP. The whole work is primarily carried out through the theoretical analysis and the numerical FEM calculation, together with some experiment studies. Main conclusions drawn from the work are as follows.
(1) The occurrence of SAGE, no matter which kind it is, will bring in amplitude increments at each even harmonic component of the UMP and the rotor vibration, especially the 2nd harmonic component. The severer the SAGE is, the more the amplitude increment will be caused.
(2) Among the single SAGE types, the rotor offset has the most sensitive effect on the rotor UMP and vibration, while the stator ellipse deformation has the weakest impact. The stator concave and convex deformation forms have the second and the third sensitive impact.
(3) The mixed SAGE conditions composed of rotor offset and stator concave, stator convex, and stator ellipse deformation will induce a larger rotor UMP and drastic vibration compared to the single concave, convex, and ellipse deformation, but meanwhile a smaller rotor UMP and weaker vibration than the single rotor offset form.
These conclusions can be potentially used to improve the identification accuracy of SAGE fault. Practically, in most cases, the identification work can only conclude whether the generator has a SAGE fault but cannot exactly identify the detailed forms of SAGE. However, different SAGE forms will lead to various performances. For example, the stator ellipse deformation without a serious extent can be generally ignored due to the very tiny UMP induced by this kind of SAGE, while the rotor offset form needs careful modification work on the rotor to avoid further deterioration and potential damage. Based on the work proposed in this paper, a more advanced application method may be developed, which will be beneficial for the SAGE fault monitoring and control.
